While there is a great interest in microfluidic impedance cytometry as a label-free approach for singleparticle analysis, the accuracy of the technique is challenged by the positional dependence issue, i.e. identical particles flowing in the microchannel along different trajectories provide different signals. We solve this issue without resorting to particle focusing, by means of a straightforward modification of the conventional wiring scheme for the standard impedance chip comprising two pairs of facing electrodes. Instead of applying the AC voltage to electrodes on the same side of the channel and collecting the differential current flowing through the electrodes on the other side, we apply the AC voltage to diagonally opposite electrodes and collect the differential current flowing through the remaining ones. Therefore, the bipolar signal recorded upon the passage of a particle shows opposite pulses with different amplitude. The relative difference of the latter is a new metric enabling a simple compensation procedure of the signal impedance for off-center particles. Impedance data for 5.2, 6, and 7 m particles are collected, and coefficients of variation in (electrical) diameter of particles respectively of 2.8%, 1%, and 1.2%, similar to the manufacturers' quoted values, are obtained. The novel operation mode is successfully implemented also in a coplanar electrode configuration, exploiting two pairs of liquid electrodes.
Introduction
Microfluidic impedance cytometry is a non-invasive technique for the electrical characterization of single particles and cells [1, 2] . Compared with traditional approaches like flow cytometry, its main advantages are the label-free nature, requiring minimal sample processing, and the potential for low-cost and portable implementation. The basic principle is as follows: (i) an AC electric field is established in a microchannel equipped with microelectrodes and filled with a conductive fluid; (ii) the field perturbation induced by the passage of a flowing particle is measured as an electric current signal; (iii) the latter is processed to extract valuable information for particle characterization. As an example, information on size, membrane capacitance, and cytoplasm conductivity of biological cells can be obtained depending on the frequency of the AC electric field (e.g., [3] [4] [5] [6] [7] ).
The rapid progress in microfabrication technologies over the past two decades has fostered the development of microfluidic impedance cytometry. Two main types of electrode configuration have been proposed in the literature [1] : either channels with coplanar electrodes embedded in one side of the channel, or channels with parallel facing electrodes embedded in opposite sides. The former configuration enjoys easiness of fabrication, whereas the latter generally has higher sensitivity. A common design includes two pairs of facing electrodes used in a differential measuring scheme. It is employed in both research prototypes (e.g., [8] [9] [10] [11] [12] ) and commercial products (e.g., Micronit EIS chips, Amphasys microflow cytometer).
Unfortunately, the resolution and accuracy of both coplanar and facing electrode configurations is challenged by the positional dependence of the measured signals, i.e. identical particles flowing along different trajectories in the microchannel provide different signals. This is due to the non-uniformity of the electric field in the sensing region [13] [14] [15] [16] , and produces blurring of estimated particle properties.
An approach to cope with the positional dependence of the measured traces is particle focusing, for example by means of hydrodynamic effects (like sheath flow [17] [18]) or active focusing mechanisms (e.g., dielectrophoresis [19, 20] and acustophoresis [21] ). However, they increase the complexity of the system and may be difficult to optimize for a heterogeneous sample.
Two effective strategies not requiring focusing systems have been recently proposed to overcome the positional dependence issue [22, 23] . Both methods introduce a new metric related to particle trajectory height, used as a pivotal tool to compensate for the spread in signal amplitude by means of simple calibration. One metric is the ratio between the peak-to-peak times of two differential current signals, relevant to current paths with different spatial orientation, provided by a measurement scheme involving five pairs of facing electrodes [22] . Another metric is the "relative prominence" of the bipolar double-Gaussian-shaped traces recorded using a configuration involving five coplanar electrodes [23] . Multielectrode configurations provide unique signatures [24] , however they require a larger sensing volume, thus increasing the number of coincidences for a given sample concentration [25] .
In this work we show that it is possible to obtain high-accuracy impedance data using the standard chip design comprising two pairs of facing electrodes. This is achieved by a straightforward modification of the wiring scheme with respect to the classic operation mode. The approach is also implemented in a coplanar electrode configuration using two pairs of liquid electrodes. The key concept of the proposed modality is presented and discussed in Section 2, and the experimental validation is presented in Sections 3-4.
Operating principle
The conventional operation mode of the standard impedance chip comprising two pairs of facing electrodes is depicted in Fig. 1(a) and (b): an AC voltage is applied to the top stimulating electrodes, and the differential current flowing through the bottom measuring electrodes is collected. The passage of a particle is detected as two opposite pulses with the same amplitude [14, 27] , respectively recorded when the particle is between the left or right pair of electrodes ( Fig. 1(c) , simulation results 1 ). Pulse amplitude primarily depends on the change in the transversal current (i.e., current flowing through a measuring electrode originating from the opposite stimulating one) upon the passage of a particle. Pulse amplitude at low frequency is therefore a measure of particle volume [3, 2] . However, the electric field within the sensing region is non-uniform due to fringing effects [13, 15] . Hence, pulse amplitude also depends on particle trajectory height, i.e. y-coordinate of particle center ( Fig. 1(c) ). A further contribution to pulse amplitude comes from Fig. 2 . Diagrams of the current paths between the four electrodes in the impedance chip, using (i)-(v) conventional or (vi)-(x) new wiring, as provided by a simple equivalent circuit. In (i), (vi) there is no particle and the current paths are symmetrical; the transversal currents, a and d, are equal, and so are the cross currents, b and c. Therefore, the differential current
A particle flowing along a trajectory in the upper half of the channel is considered in (ii), (iii), and (vii), (viii), whereas a particle flowing along a mirrored trajectory about the channel axis z is considered in (iv), (v), and (ix), (x). For both trajectories, two particle locations are considered, mirrored along the center line y between the two pairs of electrodes. By symmetry arguments, it follows that the transversal currents satisfy the relationships: and the analogous relations for I diff , I diff , I diff , it turns out that (ii)-(iii) I diff =− I diff , and (iv)-(v) I diff =− I diff , when the conventional wiring is used. Therefore, left-and right-pulse amplitudes are equal and convey the same information. Moreover, observing that b > c , it follows that (ii), (iv) I diff < I diff , and the well-known top-bottom asymmetry prevails [14] (Fig. 1(c) , curves 1 and 3). On the other hand, when the new wiring is used, it turns out that (vii), (x) I diff =− I diff , and (viii), (ix) I diff =− I diff , amounting to center symmetry of the system ( Fig. 1(f) , curves 1 and 3). If the particle flows along a trajectory in the upper half of the channel, (vii)
are not opposite quantities: the system is asymmetric left to right. However, both I diff and I diff are available and measured, therefore the transversal contribution (d − a ) and the cross contribution (c − b ) to the differential current can be separately estimated by respectively averaging and subtracting I diff and I diff . Analogous information is obtained (ix), (x) from I diff and I diff if the particle flows in the lower half of the channel. The transversal contribution to the differential current conveys information on particle volume, with top-bottom and left-right symmetry (i.e., (
That quantity mildly depends on particle trajectory height, due to fringing of the electric field. The cross contribution to the differential current has opposite sign if the particle travels (vii), (viii) in the upper half or (ix), (x) in the lower half of the channel (i.e., (c
That quantity is a new metric related to particle trajectory height, useful to solve the positional dependence issue.
the cross current between the left and right pair of electrodes (i.e., current flowing through a measuring electrode originating from the diagonally opposite stimulating one). As a consequence of the cross current, pulse amplitude is higher when the particle flows closer to the measuring electrodes than to the stimulating ones (the system is asymmetric top to bottom) [14] .
The proposed operation mode is depicted in Fig. 1 (d) and (e): an AC voltage is applied to diagonally opposite stimulating electrodes and the differential current flowing through the remaining measuring electrodes is collected. This simple modification is suggested by the following heuristic observation. A particle flowing in the lower half of the channel ( Fig. 1(e) , trajectory 1) is located closer to the bottom measuring electrode than to the top stimulating one when detected by the left pair of electrodes. Then, it is located farther to the top measuring electrode than to the bottom stimulating one when detected by the right pair of electrodes. Accordingly, the left pulse of the recorded signal is expected to have higher amplitude than the right pulse, as confirmed by numerical simulations (Fig. 1(f) , curve 1). The opposite behavior is expected for particles flowing in the upper half of the channel (Fig. 1(f) , curve 3), whereas particles traveling through the middle of the channel yield pulses with equal amplitude (Fig. 1(f) , curve 2). This suggests that pulse amplitude difference is related to particle trajectory height, thus lending itself as a metric useful to treat the positional dependence issue (cf. also the simulation results reported in [30] ).
The current paths established in the sensing region upon the passage of a flowing particle, when either conventional or new wiring scheme is used, are compared in Fig. 2 using a simple equiva-Fig. 3 . Asymmetric bipolar Gaussian template used to fit the experimental traces collected using the proposed wiring scheme. lent circuit. It is shown that pulse amplitude difference, amounting to left-right asymmetry inherent to the new wiring scheme, is caused by cross currents, with a similar mechanism known to cause top-bottom asymmetry inherent to the conventional wiring scheme [14] . However, whereas top-bottom asymmetry is an unwanted effect [22] , left-right asymmetry is indeed an asset, because particle trajectories are parallel to the channel axis, so that both left-and right-pulse amplitudes are available and measured during the particle flow. These two independent quantities allows one to separate the transversal and cross current contributions embedded in the recorded pulses, by respectively averaging and subtracting the left-and right-pulse amplitudes (Fig. 2) . Pulse amplitude average, i.e. transversal current contribution, is a measure of particle volume (at low frequency), only suffering from mild positional dependence due to fringing of the electric field, and its cube root is proportional to particle diameter. Pulse amplitude difference, unveiling cross current contribution, conveys information on particle trajectory height (e.g., it has opposite sign if the particle flows in the upper or lower half of the channel). In fact, the relative difference of pulse amplitudes (i.e., pulse amplitude difference divided by pulse amplitude average) is here chosen, in order to obtain a metric independent of particle size.
An asymmetric bipolar Gaussian template (Fig. 3) can be conveniently fitted to signal traces ( Fig. 1(f) ) in order to extract the leftand right-pulse amplitudes. The template is obtained as the difference of two shifted Gaussian pulses with different amplitude and width, as follows:
with
It depends on the following parameters: central time moment, t c ; transit time, ı; pulse width controls, 1 and 2 ; pulse amplitude controls, a 1 and a 2 . According to the previous discussion, an estimate D of the particle diameter d is supplied by the cube root of the mean value of the pulse amplitude controls, (a 1 + a 2 )/2:
where G is a gain factor to account for the electronic circuitry (cf. Supplementary data, Section 1). The estimate D is referred to as "electrical diameter". In addition, the pulse amplitude relative difference, is introduced:
It is shown in Sections 3 and 4 that this new metric enables a simple compensation procedure of the signal impedance for off-center particles, thus solving the positional dependence issue. By comparison, in the conventional operation mode a symmetric bipolar Gaussian template is used to fit the data, i.e., a 1 = a 2 = a and 1 = 2 = are enforced in Eq. (1). The electrical diameter D is estimated by means of Eq. (3), whereas the pulse amplitude relative difference is not available (in fact, it vanishes identically).
Using either wiring scheme, the transit time, ı is available. It is used experimentally to estimate the particle velocity through the system [31, 22] :
referred to as "electrical velocity", where L is the peak-to-peak distance of signal traces (Fig. 1(c), (f) ), approximated by the centerto-center spacing of the electrodes. Comparing the simulation traces in Fig. 1(f) with those in Fig. 1(c) , it appears that the peakto-peak distance of traces provided by the new wiring scheme is less sensitive to particle trajectory than the one provided by the conventional wiring scheme. The proposed operation mode can be straightforwardly implemented also in a coplanar electrode configuration exploiting "liquid electrodes" [26] (Fig. 4(a), (c) ). The latter are generated by recessed electrodes patterned at the bottom of dead-end chambers positioned perpendicularly to the main channel. They provide a nearly homogeneous electric field over the total channel height while keeping a simple process flow with a single planar metal layer [32, 33] . However, the recorded signal traces depend on the lateral position (i.e., x-coordinate) of the particle trajectory. Hence, also that layout suffers from the positional dependence issue. Fig. 4 shows a schematic representation of the conventional and new wiring scheme for a coplanar electrode chip comprising two pairs of liquid electrodes. Differential signal traces are similar to the corresponding ones of the facing electrode chip (Fig. 1(c) and (f)) and are accordingly fitted to the Gaussian template in Eq. (1). As in the previous case, electrical diameter D, pulse amplitude relative difference , and electrical velocity V are respectively defined in Eqs. (3)-(5).
Experimental

Microfluidic impedance chips
Facing electrode chip
As a typical facing electrode chip (Fig. 1) , a commercial microfluidic chip for electrical impedance spectroscopy of single cells was used (EIS chip, Micronit). The chip is made of borosilicate glass and an inert interstitial layer of dry film resist. It has a straight through channel 28 m deep and 30 m wide. There are two sets of double electrodes (Pt). Electrode dimension along channel axis is 20 m, with planar separation of 20 m and 28 m depth separation as based on channel depth. A commercial chip holder was used (Fluidic Connect PRO, Micronit).
Coplanar electrode chip
The chip with coplanar electrode configuration (Fig. 4) is made of a polydimethylsiloxane (PDMS) block containing the microfluidic channel, bonded to a glass slide with deposited Ti/Au microelectrodes (20 nm/200 nm). The PDMS microchannels were replica molded from photolithographically patterned SU-8 molds, while the electrodes were deposited on glass using optical lithography, e-beam evaporation and lift off procedures. Relevant dimensions are as follows: the main channel is 40 m wide and 21.5 m high; lateral channels are 30 m wide and 30 m apart from each other; the electrodes in the lateral channels have a 20 m recess with respect to the main channel. A custom chip holder was used for fluidic and electrical connections. 
Sample preparation
The proposed method is validated by means of polystyrene beads (Sigma-Aldrich and Polysciences). Beads with diameters of 5.2, 6, and 7 m were suspended in PBS (Phosphate-Buffered Saline) with 0.1% Tween 20 to avoid bead aggregation, and sufficient sucrose to match the density of the beads (1.05 g/cm 3 ). Sample concentration and conductivity were approximately 1000 beads/l and 1.1 S/m, respectively. The beads were sonicated prior to experiments in order to reduce cluster formation.
Data acquisition and processing
A syringe pump (Harvard Apparatus) operating at 10 l/min was used for fluidic control. Electrical measurements were performed using an impedance spectroscope (HF2IS, Zurich Instruments, 14 bit A/D conversion at 210 M sample per second), along with a transimpedance amplifier (HF2TA, Zurich Instruments) for signal conditioning. A signal of 4 V [respectively, 8 V] at 0.5 MHz was applied to the stimulating electrodes of the facing electrode chip [respectively, of the coplanar electrode chip] and the differential current flowing through the virtual-ground measuring electrodes was demodulated and recorded (readout rate 115 k sample per second, 20 kHz filter bandwidth). Pulse amplitude average of typical events (i.e., signals generated by the passage of a particle in the sensing region) was in the range (0.15, 0.55) A [respectively, (0.04, 0.20) A] depending on particle size and trajectory, whereas the standard deviation of noise was around 4 nA for both electrode configurations.
The following experiments were carried out. The facing electrode chip was used first. Four samples were analyzed, relevant to the three populations of beads and a mixture of them. For each sample, two measurements were acquired (approximately 50,000 beads for each population, 150,000 beads for the mixture), using the conventional wiring ( Fig. 1(b) ) or the proposed wiring ( Fig. 1(e) ). The same sequence was repeated using the coplanar electrode chip (Fig. 4(b) or (d) ).
Collected data streams were processed using a custom Matlab script. Segmentation was first carried out, aimed at extracting events from the data stream. For each detected event, feature extraction was then performed by fitting the asymmetric bipolar Gaussian template (Eq. (1)) to the recorded trace, thus obtaining the relevant parameters t c , ı, 1 , 2 , a 1 , and a 2 . The histogram of the root mean squared error of the fit, normalized by the mean value of the pulse amplitude control, (a 1 + a 2 )/2, is reported in Supplementary data, Figure S1 . Data collected using the conventional wiring were processed by means of the classic symmetric bipolar Gaussian template.
Results
Fig . 5 shows a density plot for 6 m diameter beads, with the pulse amplitude relative difference (Eq. (4)) plotted against the electrical diameter D (Eq. (3) ), as measured using the proposed wiring scheme. Examples of experimental single particle signals are shown in panels (i)-(vii), along with arrows indicating the position of the particle on the density plot. The difference in the amplitudes of the two opposite pulses predicted in simulation ( Fig. 1(f) ) and explained by the simple equivalent circuit in Fig. 2 is experimentally confirmed. In addition to the experimental signals, their fitting templates are also shown in panels (i)-(vii), showing excellent accuracy. It is pointed out that such a density plot is unavailable using the conventional wiring scheme. In fact the latter yields equal pulse amplitudes, thus ruling out the information content of the metric . Fig. 6(a)-(c) shows a density plot of the pulse amplitude relative difference vs the electrical diameter D for three different bead sizes (measured separately using the proposed wiring scheme, Table 1 . In (d), the three parabolas are defined with a = 5.2, 6.0, 7.0 m and the same parameters b and c (average values, Table 1 ). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.) and collected together in Fig. 6(d) ). In each case the same parabolic trend is observed. This data can be fitted to a quadratic function:
where a is particle nominal diameter, and the constants b and c account for the variation in signal with particle height as determined from the metric . These fitting parameters are listed in Table 1 , and the corresponding parabolas are shown in red in Fig. 6 . The constant c should vanish for a channel ideally symmetric top to bottom. The fitted values are in fact very small (possibly due to minor channel asymmetry). The constants b and c should be independent of particle sizes, which is clear from Table 1 where the differences are minor. The mean value for constants b and c was then used to calculate the parabolas shown in Fig. 6 (d) for the three different particle sizes, showing an excellent fit with the data. Analogous results for the coplanar electrode configuration are reported in Supplementary data, Table S1 and Figure S2 . Fig. 7 (b) and (c) shows histograms of the electrical diameter D obtained using the facing electrode chip and the conventional wiring scheme, relevant to individual particle populations and the mixed sample, respectively. As expected, the distribution has a significant spread and skewness, with overlap between the three populations. Fig. 7 (e) and (f) shows the analogous histograms obtained using the proposed wiring scheme. The spread and skewness are mitigated, because the cross contribution to the differential current was removed by averaging the pulse amplitudes according to Eq. (3) (cf. also Fig. 2 ). However, they are still present. Eq. (6) was used to correct the raw data as follows:
where b and c are the mean values of the constants in Table 1 . The corrected data is plotted in Fig. 7 (h) and (i) showing an almost perfect Gaussian distribution. Fitting a Gaussian allows the coefficients of variation (CVs) to be calculated as follows: 2.82%, 0.98%, and 1.20%, for the 5.2, 6, and 7 m diameter beads respectively. This can be compared with the manufacturers' quoted values of 2.6%, 10%, 2 and 1.7%. Fig. 8 shows the analogous results obtained using the coplanar electrode chip. Fitting a Gaussian on the histogram of the corrected electrical diameter D-corr in Fig. 8(i) allows the CVs to be calculated as follows: 3.67%, 1.89%, and 1.72%, for the 5.2, 6, and 7 m diameter beads respectively. Although somewhat greater than those provided by the facing electrode chip, reasonably low figures are obtained also using the coplanar electrode chip. 9 . Density plot of the pulse amplitude relative difference plotted against the electrical velocity V for the mixture of beads. (a) Facing electrode chip operated using the proposed wiring scheme: a significant level of particle focusing is observed (the density scale has been saturated, in order to make visible the parabolic profile on the right). Two profiles appear on the left, respectively relevant to 5.2 and 7 m diameter beads obtained by Sigma-Aldrich (left profile) and 6 m diameter beads obtained by Polysciences (right profile): cf. Fig. 10(c) and (e). (b) Coplanar electrode chip operated using the proposed wiring scheme: although some degree of focusing is apparent, many particles adopt a random distribution in the channel cross section.
Density plots of the pulse amplitude relative difference plotted against the electrical velocity V, obtained using the proposed wiring scheme, are shown in Fig. 9 . The observed parabolic profiles constitute further evidence that is related to the location of the particle trajectory in the microchannel. A higher level of inertial focusing is observed when using the facing electrode chip (Fig. 9(a) ) rather than the coplanar electrode chip (Fig. 9(b) ). Although the channel cross sections are comparable, this is due to the different channel length (≈16 mm in the former case, ≈0.8 mm in the latter case) that particles pass through before reaching the measuring zone [18] .
Density plots of the electrical velocity V plotted against the electrical diameter D are shown in Fig. 10 . These plots confirm the higher level of inertial focusing observed when using the facing electrode chip (Fig. 10(a), (c) , (e)) rather than the coplanar electrode chip (Fig. 10(b), (d), (f) ). The new wiring scheme used with the facing electrode chip (Fig. 10(c) ) supplies a narrow velocity rage, as expected when particles experience a large degree of inertial focusing. A broader velocity range is obtained using the conventional wiring scheme (Fig. 10(a) ). Comparing Fig. 10(c) , (d) respectively to Fig. 10(e) , (f), it appears that the simple compensation procedure in Eq. (7) enabled by the proposed wiring scheme completely eliminates the height dependent variation in electrical diameter D, i.e. all particles of a given size range have the same electrical diameter D-corr irrespective of trajectory through the channel.
Conclusions
The widely used microfluidic impedance chips comprising two pairs of electrodes are promoted to a superior level of accuracy by simply swapping two connection wires. With the novel wiring scheme, a left-right asymmetry is introduced in the system that is profitably exploited to compensate for positional dependence of the measured signals. No particle focusing mechanisms are required and the proposed operation mode successfully applies to both facing and coplanar electrode layout. The novel concept introduced in this work may open new opportunities for impedance cytometry in applications requiring accurate particle sizing and characterization.
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